Cobalt (Co) and iron (Fe) are essential for phytoplankton nutrition, and as such 6 constitute a vital link in the marine biological carbon pump. Atmospheric deposition is an 7 important, and in some places the dominant, source of trace elements (TEs) to the global 8 19, large differences in the distributions of dCo and dFe were observed. In the North Atlantic 12 gyre provinces, extremely low mixed layer dCo concentrations (23 ± 9 pM) were observed, 13 which contrasts with the relatively high mixed layer dFe concentrations (up to 1.0 nM) 14 coincident with the band of highest atmospheric deposition (~5-30 °N). In the South Atlantic 15 gyre, the opposite trend was observed, with relatively high dCo (55 ± 18 pM) observed 16 throughout the water column, but low dFe concentrations (0.29 ± 0.08 nM). Given that 17 annual dust supply is an order of magnitude greater in the North than the South Atlantic, the 18 dCo distribution was somewhat unexpected. However, the distribution of dCo shows 19 similarities with the distribution of phosphate (PO4 3-
between the dominant controls on the distribution of these two bioactive trace metals in the 28 central Atlantic Ocean. 29
INTRODUCTION 31
Cobalt (Co) , like iron (Fe), is essential for phytoplankton growth (e.g. Morel 2013; Buck et al., 2015) . Similarly, Co 2+ in also thermodynamically favoured in oxic 110 seawater, and Co forms strong organic complexes (Ellwood and van den Berg, 2001 ; 111 Saito and Moffett, 2001 ; Baars and Croot, 2015) . 112
The primary removal mechanism for Co and Fe from the euphotic zone is through 113 biological uptake (Martin and Gordon, 1988; Moffett and Ho, 1996) . In addition, adsorptive 114 scavenging on to particles (Moffett and Ho, 1996 ; Johnson et al., 1997; Wu et al., 2001 ; 115 Bruland and Lohan, 2003) and aggregation and sinking (Croot et al., 2004) are also 116 important removal pathways for both Co and Fe. 117 The Atlantic Meridional Transect (AMT) programme provides an ideal platform to 118 investigate Co and Fe cycling in the upper Atlantic Ocean and the role of these metals on 119
climate-relevant biological processes. Here we report the geographical distribution and 120 biogeochemistry of Co and Fe in the upper water column along a 12,000 km, gyre-centred 121 transect of the Atlantic Ocean (AMT-19) between ~ 50° N and 40° S. As our knowledge of 122
Fe biogeochemistry is arguably more advanced than for Co, the following discussion aims to 123 develop our understanding of Co biogeochemistry in the upper water column (≤ 150 m) of 124 the Atlantic Ocean between 50° N and 40 °S by making comparisons with dissolved Fe 125 distributions from this and earlier studies. 126 macronutrients (nitrate and phosphate) were used to identify the province boundaries ( Table  134 1). The assigned province boundaries are subject to small-scale variations due to their 135 seasonal drift, as is the ITCZ, a region that forms the boundary between the atmospheric 136 hemispheres which migrates seasonally from a position centred at ~5°N in boreal winter to 137 ~10°N in the boreal summer (Sultan and Janicot, 2000) . 138 
150
Samples for the determination of dCo and dFe were collected from 10 L trace metal-151
clean Teflon coated Ocean Test Equipment (OTE) bottles, attached to a titanium CTD 152 rosette. Samples for macronutrients were collected from ten depths during each titanium 153 CTD rosette deployment to correspond with trace metal sampling, and additionally from 154 standard 20 L Niskin bottles fitted to a stainless steel CTD rosette (Seabird), thus providing 155 high resolution profiling along the cruise track. All ship-based trace metal sample handling 156 was conducted in a pressurised clean van. Seawater samples for dCo and dFe were filtered400 W medium-pressure Hg lamp, Photochemical Reactors) from the chemiluminescence 168 produced from the catalytic oxidation of pyrogallol (1,2,3-trihydroxybenzene), the 169 chemiluminescence emission was recorded using LabVIEW v. samples were analysed (n = 4; measured value, 50 ± 2 pM; consensus value 46± 3 pM). 175
Typically, blank values were 4 ± 1 pM (n = 8), with a detection limit of 3 pM (blank + 3σ). 176
Dissolved and total dissolvable iron determination 177
Dissolved Fe and total dissolvable Fe (TdFe; unfiltered seawater) were also 178 determined using FI-CL in the same clean room facility as the dCo. The Fe FI-CL method 179 used in this study was based on the method originally described by Obata et al. (1993) and 180 modified by de Baar et al. (2008) . Briefly, measurements were made based on the catalytic 181 oxidation of luminol (5-amino-2,3-dihydrophthalazine-1,4-dione; Aldrich) by hydrogen 182 peroxide (H2O2) in the presence of Fe. As this method detects Fe(III), this study used a H2O2 183 oxidation step whereby H2O2 (10 nM) was added to each sample 1 h prior to the 184 determination of Fe(III) (Lohan et al., 2005) . Chemiluminescence emission was detected by 185 a Hamamatsu photomultiplier tube (model H 6240-01) and recorded using LabVIEW v.7.1 186 software. The accuracy of the method was assessed for every analytical run by the 187 determination of dFe in SAFe S and D1 seawater reference materials. The concentrations of 188 dFe measured in the SAFe reference samples were in good agreement with the consensus 189 values (measured value, S = 0.12 ± 0.04 nM, n = 13; D1 = 0.72 ± 0.08 n = 14; consensus 190 value, S = 0.093 ± 0.008 nM; D1 = 0.67 ± 0.04). were not determined using liquid wave guides during Salinity, temperature and dissolved O2 were measured using a CTD system (Seabird 202 911+). Dissolved O2 was determined by a Seabird SBE 43 O2 sensor. Salinity was calibrated 203 on-board using discrete samples taken from the OTE bottles using an Autosal 8400B 204 salinometer (Guildline), whilst dissolved O2 was calibrated using an automated photometric 205
Winkler titration system (Carritt and Carpenter, 1966) . Chlorophyll fluorescence and beam 206 attenuation were determined using an Aquatraka MkIII fluorometer and Alphatraka MkII 207 transmissometer (Chelsea Instruments), respectively. Sampling depths were determined by 208 reference to the in situ fluorescence, temperature, salinity and irradiance (photosynthetically 209 active radiation, PAR, 400-700 nm) profiles, to include 97%, 55%, 33%, 14%, 1% and 0.1% 210
The trace metal (dCo, dFe and TdFe) data, ancillary data and a full station list are available 218 at: http://www.bodc.ac. uk/ projects/uk/amt/ 219
220

RESULTS
221
Hydrographic setting and macronutrient distributions 222
The six biogeographical provinces used in this study are shown in Figure 1 . Note that 223 the North Atlantic gyre is divided into two separate provinces; the North Atlantic subtropical 224 gyre (NAST) and the North Atlantic tropical gyre (NATR). In these provinces, the 225 thermohaline structure of the upper water column (Fig. 2) is primarily determined by the 226 water masses that occupy each region and the relative evaporation and precipitation rates. 227
In the North Atlantic, the lowest upper water column temperatures (12-22°C) were observed 228 in the NADR. Here, the water column displayed weak thermohaline stratification, 229 characteristic of high wind stress in the NADR during boreal autumn (Longhurst, 1998) . WTRA low salinity (< 36.5) water, relative to the sub-tropical gyres, was observed caused by 253 dilution through excess precipitation over evaporation (Aiken et al., 2000) . 254
A surface salinity minimum (< 35) was observed in the WTRA between ~6 and 10° N 255 to a depth of 30 m (Fig. 2) , a common feature that can arise from either converging air 256 masses and subsequent high precipitation rates in the ITCZ, or from Amazon Water 257 transported eastwards across the Atlantic by the NECC (Aiken et al., 2000) . However, no 258 elevation in surface silicate concentration (data not shown), which would be indicative of 259 Amazon Water, was observed during AMT-19. In addition, two intense rainfall events were 260 recorded between 6 and 9 °N during the cruise, suggesting that the high rates of 261 precipitation that characterise the ITCZ could be the cause of the WTRA salinity minimum. 
287
Dissolved Co and Fe distributions 288
Surface water (upper 25 m) dCo and dFe distributions during AMT-19 displayed distinct 289 differences between the North and South Atlantic (Fig. 4) . Surface dCo concentrations 290 during AMT-19 were highly variable (10-93 pM). The lowest concentrations were observed in 291 the northern gyre provinces (NAST 25 ± 14 pM and NATR 21 ± 2.8 pM, respectively, n = 6),whilst higher concentrations were observed in the upwelling region (WTRA 51 ± 38 pM, n = 293 9) and the South Atlantic gyre (SATL 60 ± 31 pM, n = 3) ( ± 0.14 nM, n = 14) and less variable (Fig. 4) , most likely due to a reduced Saharan dust 328 input and strong winter mixing in the NAST and NADR, compared with weak seasonal 329 mixing in the NATR (Longhurst, 1998) . 330
In sub-surface waters (deeper than 25 m), the dCo distribution was also a tale of 331 sharp contrasts. Extremely low concentrations were observed throughout the North Atlantic 332 gyre provinces, with the lowest concentrations (16 ± 3.4 pM, n = 8) observed at the base of 333 the mixed layer. The maximum abundances of Prochlorococcus (> 4 x 10 5 cells mL -1
), a 334 cyanobacteria with an absolute requirement for Co (Sunda and Huntsman, 1995a), in the 335
North Atlantic gyre provinces were observed in the southern NATR in concert with a shoaling 336 of the MLD, and were accompanied by very low dCo concentrations (13-17 pM at 35-40 m 337 depth), suggesting biological drawdown as an important control of dCo distribution in this 338 region. Higher dCo concentrations were observed in the provinces adjoining the northern 339 gyre provinces, e.g., in the NADR (dCo = 59 ± 23 pM, n = 10) Prochlorococcus were less 340 abundant and dCo appears to be advected southwards along the 26 kg m -3 isopycnal (Fig. 4,  341 top panel) to ~ 40°N and the boundary with the NAST. 342
The highest sub-surface dCo concentrations (e.g. 89 ± 4 pM at 28.8°S, 26.1°W) were 343 observed in the SATL. Between 25-150 m, the SATL was characterised by relatively high 344 dCo (52 ± 15 pM, n = 10), and decreasing temperature and salinity with increasing latitude. The sub-surface distribution of dFe also displayed strong latitudinal gradients (Fig. 4. ) In a 358 reversal of the trend for dCo, sub-surface dFe concentrations in the SATL were low and 359 relatively uniform (0.26 ± 0.06 nM, n = 12) compared with the northern gyre provinces (0.40northern NATR/southern NAST waters between 23 and 31° N, the dFe and TdFe 362 concentrations were 0.48 ± 0.14 nM (n = 5) and 0.72 ± 0.11 nM (n = 5), respectively and 363 could be a relic of a previous atmospheric deposition event. Interestingly, we observed a 364 similar feature at the same depth for dCo (36 ± 3.4 pM; Fig. 4) . 365
For both dCo and dFe, elevated sub-surface concentrations were associated with the 366 low oxygen waters. Maximum sub-surface dCo and dFe concentrations (62 ± 16 pM and 367 0.62 ± 0.20 nM, respectively) were observed between 0-10 °N, coincident with an oxygen 368 minimum of 100 -150 µM (Fig. 2) . Observations of elevated dFe in this OMZ are consistent In the SATL, where atmospheric deposition may be orders of magnitude lower, atmospheric 435 supply alone cannot account for the concentrations of either metal observed (<<0.5% and 436 21% of mixed layer dCo and dFe, respectively). It is noted that these atmospheric deposition 437 fluxes do not account for wet deposition, and thus, the estimates presented in Table 1 may 438 be rather conservative. Nonetheless, these data highlight the role of atmospheric deposition 439 in controlling the dFe concentrations in surface waters of the two gyre regions. For Co, the 440 impact of atmospheric deposition is more subtle.
Our calculations are sensitive to the percentage of the metal that is soluble in 442 seawater. Unfortunately, aerosol metal solubility is poorly constrained. In Table 1 , a Co 443 solubility value of 9.0% is used for the NATR (Dulaquais et al., 2014a) . However, Co 444 solubility is a function of the composition of the bulk aerosol, which in turn is a function of 445 aerosol provenance, and may be up to threefold higher (i.e., ~30%, R. Shelley, unpublished 446 data, available at: www.bco-dmo.org) in aerosols sourced from Europe as opposed to those 447 from North Africa, due to a higher component of industrial emission aerosols in the former. 448
This will result in a higher flux of soluble Co, and given the extremely low concentrations of 449 dCo in the northern gyre provinces, suggests that atmospheric supply may still have an 450 important role in supplying Co to surface waters (Thuroczy et al., 2010) . 451 Prochlorococcus dominated the picoplankton assemblage, with Synechococcus only 467 proliferating where Prochlorococcus abundance was less than 10 5 cells mL -1 (Fig. 5) ), even though 489 dCo was extremely low (22 ± 15 pM). In the NAST, dCo was similarly low (22 ± 3.8 pM), but 490
Prochlorococcus abundance was lower than in the NATR (generally <2x10 5 cells mL Atlantic (Fig. S2 , Supplemental Material) may be linked with higher inorganic phosphorus 553 availability, as well as higher dCo. In the South Atlantic, where atmospheric deposition is 554 low, a combination of highly efficient internal cycling (85% of the dCo uptake rate in thelateral inputs (Bown et al., 2011; Noble et al., 2012) and relatively low biological demand 557 results in higher dCo concentrations compared with the northern gyre provinces. 558
The different relationship between dCo and bacterial dynamics in the northern gyres 559 and the SATL suggests that dCo availability has the potential to influence both the bacterial 560 and phytoplankton community structure, or vice versa, through a complex interplay with 561 other factors, such as Fe and inorganic phosphorus availability. However, the northern gyre 562 provinces appear unique in the sense that biotic removal dominates and controls dCo 563 distributions (Moffett and Ho, 1986) . In future decades increased stratification and predicted 564 However, while elevated dFe in the sub-surface WTRA was associated with the OMZ (150 587 μM contour positioned at depths > 40-100 m depending on latitude), elevated sub-surface 588 dCo covered a much wider depth range and was not confined to the WTRA, spilling over into 589 the SATL at depths below ~ 100 m (Fig. 4) . It is unlikely that the WTRA is supplying dCo to 590 the SATL, as the two provinces are separated by the South Equatorial Current (SEC), and 591 there is no evidence of elevated dFe to the south of the upwelling zone. Rather, preferential 592 scavenging of Fe with respect to Co, in the Benguela and South Equatorial Currents (Noble 593 et al., 2012), which feed into the South Atlantic gyre, provides the most likely explanation for 594 the difference in dCo and dFe concentrations to the south of the upwelling zone. 595
During AMT-19, the 100 μM O2 contour was observed to shoal to depths as shallow 596 as 100 m, and in the WTRA as a whole the DCM was positioned just above the 150 μM O2 597 horizon. In these productive waters bacterial degradation of sinking organic particles is 598 evidenced by the apparent oxygen utilisation (AOU). Furthermore, the bacteria that consume 599 the oxygen during the bacterial degradation of particles may be an additional source of high-600 affinity, metal binding ligands (Barbeau et plume in the SATL. These authors also noted offshore advection of dFe, but that the plume 625 covered a far smaller distance (< 500 km) than the dCo plume, and despite no evidence for 626 offshore advection of dMn (a tracer for sedimentary inputs), they concluded that reducing 627 sediments on the African margin were a likely source of all three metals. However, dFe and 628 dMn were scavenged preferentially to dCo, which explained the difference in the extent of 629 the offshore plumes. Dulaquais et al. (2014b) also argue that scavenging is a fairly 630 insignificant removal term for dCo in the western Atlantic, as they were unable to resolve 631 dCo removal, via scavenging, from dilution by mixing. 632
To the south of the SATL, the cruise track passed through a dynamic frontal region, were observed in the northern gyre provinces where dFe was high, whereas the opposite 648 trend was observed in the SATL. Both dCo and dFe distributions were generally nutrient-like; 649 highlighting the nutritive role of these two bioactive elements. However, the extremely lowdCo of the northern gyre provinces is somewhat of a paradox given the seemingly plentiful 651 supply of trace elements from Saharan dust. In these regions, we propose that dCo 652 distribution in waters shallower than ~ 100 m is controlled predominantly by biological uptake 653 by the bacteria (primarily Prochlorococcus, Trichodesmium and SAR11), and other 654 organisms that utilise a Co analogue of AP for DOP uptake. This has important implications 655 in the context of climate change, where stratification is predicted to increase, thus reducing 656 phosphate inputs from below to surface waters. This situation may be further exacerbated by 657 predicted increases in nitrogen deposition (Behera et al., 2013) as a result of increasing 658 urbanisation/ industrialisation. Future studies should assess the potential for Co-Zn-P 659 limitation in the North Atlantic. 660
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